Purpose AZD6244 (ARRY-142886) (AstraZeneca, Macclesfield, UK) is a novel small molecule MEK1/2 inhibitor that is currently being tested in Phase II trials. With the recent publication of human pharmacokinetic data from clinical studies, we now know the achievable levels and range of AZD6244 exposure in humans. This study aimed to describe the pharmacokinetic profile of AZD6244 in mice in order to design preclinical studies that recapitulate exposure levels in humans. Methods Male athymic, nude mice received subcutaneous inoculation of A375 human melanoma cells. Once tumors reached 400-700 mm 3 , mice were given a single dose of either 5 or 10 mg/kg AZD6244 via oral gavage.
Introduction
The MAPK pathway is frequently activated in human melanoma by mutations in either NRAS or BRAF [3, 7, 9, 10] that confer advantages in proliferation, migration and survival. A critical component of this pathway, located downstream of NRAS and BRAF, is the mitogen activated protein kinase kinase (MEK). MEK 1/2 is an attractive target for drug therapy of melanoma because its only known substrate is ERK 1/2. Abrogation of MEK activity by small molecule inhibitors has been shown to suppress ERK 1/2 activation and lead to an inhibition of proliferation.
AZD6244 (ARRY-142886; AstraZeneca, Macclesfield, UK) is a potent, selective, MEK1/2 inhibitor. Binding of this class of molecules to the MEK protein-ATP complex prevents downstream phosphorylation of ERK1/2 and thus impedes MAPK signaling. Pre-clinical studies of AZD6244 in various mouse xenograft models have shown tumor growth stasis and in some cases, regression [2, 6, 11, 12, 21] . A recent Phase I pharmacokinetic and pharmacodynamic study of AZD6244 in humans resulted in stable disease of five or more months in 9 of 54 patients (16%). AZD6244 was well tolerated with the most common toxicity being skin rash, diarrhea, nausea and fatigue [1] . However, it is clear from this and other studies [8, 13, 17] that the use of MEK inhibitors will likely reach higher clinical efficacy when used in combination with other cancer therapeutics. In fact, pre-clinical studies testing the combination of AZD6244 with docetaxel showed an increased anti-tumor response in a mouse xenograft model [6, 11] .
Although AZD6244 is being extensively studied, both clinically and pre-clinically, no comprehensive plasma and tissue pharmacokinetics studies of AZD6244 in the mouse have been published. In order to design clinically relevant pre-clinical studies, it is critical to understand both the pharmacokinetics and pharmacodynamics of AZD6244 in tumor-bearing mice. The purpose of this study was to determine the plasma and tissue pharmacokinetics of AZD6244 and how the PK/PD relationship relates to drug activity in a human melanoma xenograft model. Gaining an understanding of the pharmacokinetic and pharmacodynamic profile of AZD6244 will allow the design of preclinical studies that recapitulate exposure levels in humans, and furthermore, this information will drive the rational design of pre-clinical studies that are not only relevant to the clinical setting, but also pave the way to understand the biological response to AZD6244 treatment.
Materials and methods

Chemicals and reagents
AZD6244 (ARRY-142886) was a generous gift from AstraZeneca (Macclesfield, UK) and AR509 (a structural analog of AZD6244) was a generous gift from Array Biopharma (Boulder, CO, USA). All other chemicals and solvents were of reagent or higher grade and were obtained from Fisher Scientific (Pittsburgh, PA, USA) or Sigma (St. Louis, MO, USA).
Cells
A375 human melanoma cell lines were obtained from Gail Eckhardt, MD (University of Colorado Cancer Center). Cells were maintained in RPMI medium with 300 mg L -1 L-glutamine (Mediatech Inc., Herndon, VA, USA) and supplemented with 10% fetal bovine serum (Mediatech) and 1 U mL -1 penicillin and 100 lg mL -1 streptomycin (HyClone, Logan, UT, USA). Cells were maintained in a humidified atmosphere at 37°C in 5% CO 2 .
Xenografts
Six to eight weeks-old BALB/c athymic nude mice were purchased from the National Cancer Institute (Frederick, MD, USA). Animals were housed in polycarbonate cages, and kept on a 12-h light/dark cycle with food and water given ad libitum. All of the studies were conducted in accordance with the National Institutes of Health ''Principles of laboratory animal care'' (NIH publication No. 85-23, revised 1985) guidelines for the care and use of laboratory animals, and animals were housed in a facility accredited by the American Association for Accreditation of Laboratory Animal Care. Animals were allowed to acclimate for 7 days before any handling.
A375 human melanoma cells were harvested and resuspended in a 4:1 mixture of serum-free RMPI 1640 and Matrigel (BD Bioscience, Bedford, MA, USA). Five million cells were injected subcutaneously into the rear flank using a 20-gauge needle. Tumor volumes, measured by digital calipers, were calculated by Eq. 1 [20] 
Tumors were allowed to grow up to 400-600 mm 3 before initiating dosing.
Single dose mouse study AZD6244 for p.o. administration was made as a suspension in sterile filtered 1% Tween 80 in PBS by vortexing briefly. Mice with tumors that had reached a volume of at least 400 mm 3 were given a single dose of 5 or 10 mg/kg AZD6244 by p.o. gavage. Gavage volumes varied between 94 and 140 lL based on animal weight (4 lL/g body weight). Mice were given a single IP injection of 200 mg/kg 5-bromo-2 0 -deoxyuridine (BrdU, 10 mg/mL in 0.9% sterile saline) 1 h before killing. After drug dosing, four mice per treatment group were killed at 0.5, 1, 2, 4, 8, 12 and 24 h by cardiac stick exsanguinations under isofluorane anesthesia, and plasma and tissue samples were collected (liver, lung, kidney, gut, muscle, skin, and tumor). Collected samples were rinsed in phosphate buffered saline and immediately frozen in liquid nitrogen and stored at -80°C before sample preparation for drug analysis. Additional tumor samples were fixed in formalin for immunohistochemistry (IHC).
Daily dose mouse study Daily dosing study was carried out in the same way as the single dose study, except that tumors were at least 600 mm 3 and mice were given a dose of 10 mg/kg AZD6244 by p.o. gavage once daily for 1 week. Four mice were killed at each of the following time points: 1, 4, 8, 12, and 24 h.
LC/MS/MS analysis of AZD6244 and N-desmethyl AZD6244
Analysis of AZD6244 and N-desmethyl AZD6244 in mouse plasma and tissues was performed using liquid chromatography tandem mass spectrometry analysis. Tissue samples were dispersed at 100 mg/mL in water by sonication. Either 100 lL of tissue suspension or 100 lL of plasma were used for the extraction. 10 lg/mL of the internal standard AR509 (structural analog, Array Biopharma, Boulder, CO, USA) was added to each sample, followed by 100 lL of 100% acetonitrile, and 20 lL of methanol. Samples were then vortexed for 10 min followed by centrifugation at 10,000 rpm for 10 min. The supernatant was collected for LC/MS/MS analysis.
The HPLC system consisted of an Agilent 1200 Series binary pump SL, vacuum degasser, thermostatted column compartment SL (Agilent Technologies, Santa Clara, CA, USA) and a CTC Analytics HTC PAL System autosampler (Leap Technologies, Carrboro, NC, USA). The HPLC column was a Waters Xbridge Phenyl column (4.6 9 50 mm I.D., 2.5 lm bead size) (Waters Corporation, Milford, MA, USA) protected by a SecurityGuard TM C18 cartridge (4 9 2.0 mm I.D.) (Phenomenex, Torrance, CA, USA) and maintained at room temperature. The mobile phase consisted of an aqueous component (A) of 10 mM ammonium acetate and an organic component (B) of acetonitrile. The 3.25-min run consisted of the following linear gradient elution: 80% A and 20% B at 0 min, 10% A and 90% B at 1.75 min, 10% A and 90% B at 2.5 min, 80% A and 20% B at 2.75 min and 80% A and 20% B at 3.25 min. The system operated at a flow rate of 1.0 mL/min. An aliquot of 10 lL of the supernatant was injected into the LC/MS/MS system for analysis.
Mass spectrometric detection was performed on an API 3200 TM triple quadrupole instrument (Applied Biosystems Inc., Foster City, CA, USA) using multiple reaction monitoring (MRM). Ions were generated in positive ionization mode using an electrospray interface. AZD6244 compound-dependent parameters were as follows: declustering potential (DP), 30 V; entrance potential (EP), 5 V; collision cell entrance potential (CEP), 35 V; collision energy (CE), 40 V; and collision cell exit potential (CXP), 5 V. Ndesmethyl AZD6244 compound-dependent parameters were as follows: DP, 30 V; EP, 3.5 V; CEP, 17 V; CE, 45 V; and CXP, 4.9 V. AR509 (internal standard) compound-dependent parameters were as follows: DP, 30 V; EP, 8 V; CEP, 115 V; CE, 32 V; and CXP, 6 V. Sourcedependent parameters were as follows: nebulizer gas (GS1), 50 psi; auxiliary (turbo) gas (GS2), 60 psi; turbo gas temperature (TEM), 625°C; collision-activated dissociation (CAD) gas (nitrogen), 6 psi; curtain gas (CUR), 50 psi; ionspray voltage (IS), 4,500 V; and interface heater (IH), 100°C. Peak areas ratios obtained from MRM of AZD6244 (m/z 459 ? 301), N-desmethyl AZD6244 (m/z 445 ? 287) and AR509 (m/z 414 ? 352) were used for quantification. The accuracy and precision (%CV) for analysis of mouse plasma were 91.4 ± 6.7 and 7.3%, respectively. The accuracy and precision for analysis of tumor tissue was 92.6 ± 4.1 with a %CV of 4.4%. All other tissues analyzed had accuracy and precision values similar to plasma and tumor.
Western blot
Frozen tumor samples were disrupted by sonication at a concentration of 20 mg/mL in Lysis Buffer [(150 mM NaCl, 10 mM Tris (pH 7.5), 0.2 mM Na-Orthovanadate, 1% Triton-X, 3.5 mg/mL PMSF, 0.2% Protease Inhibitor Cocktail (Sigma)]. Total cellular protein was determined via BCA Assay (Pierce, Rockford, IL). Equal amounts of total cellular protein were resolved by SDS-PAGE and transferred onto PVDF membranes. Blots were blocked for 1 h at room temperature and probed with primary at 4°C overnight. Anti-ERK and anti-phospho-ERK primary antibodies were obtained from Cell Signaling Technology (Danvers, MA). After incubation with horseradish peroxidase-conjugated donkey-anti-rabbit secondary antibody (Santa Cruz Biotechnology), proteins were detected using ECL Plus chemiluminescence kit (GE Healthcare, Pittsburgh, PA). Blots were imaged using a Typhoon Imager (Amersham Biosciences, Piscataway, NJ). Pixel intensity AUCs for ERK 1/2 and phospho-ERK 1/2 were generated using ImageJ Analysis Software v.1.41 (NIH, Bethesda, MD, http://rsb.info.nih.gov/ij/index.html). Percentage Inhibition was calculated as follows:
Immunohistochemistry
Formalin fixed tumor samples were embedded in paraffin and 5 lm sections were cut and mounted on glass slides. Sections were deparaffinized using xylene and alcohol. Antigen retrieval was performed using Antigen Unmasking Solution (Vector Laboratories, Burlingame, CA, USA) per manufacturer directions, in a decloaking chamber. Endogenous peroxidases were blocked using 3% hydrogen peroxide. For BrdU staining, slides were then incubated in 2 N HCl for 20 min, and then neutralized using 0. 
Results
Single dose pharmacokinetics
Initially, single dose pharmacokinetic profiles of AZD6244 (Fig. 1a) in tumor-bearing nude mice were characterized at two doses. The A375 human melanoma cell line was used because it harbors the BRAF-V600E mutation that is frequently found in human melanoma clinical samples as well as in cell lines [7, 10, 15, 16] . Mice were administered a single oral dose of AZD6244 at either 5 or 10 mg/kg. Plasma and tissue samples were collected from four mice per time point after dosing. Because AZD6244 is metabolized via N-demethylation to an active compound that inhibits cellular growth in vitro at approximately twice the potency of the parent (data not shown), we decided to measure N-desmethyl-AZD6244 as well. Plasma concentrations of AZD6244 and the active metabolite, AZD6244-N-desmethyl were measured, and the single dose plasma pharmacokinetic results are shown in Fig. 1 . Pharmacokinetic parameters for AZD6244 (Table 1) and AZD6244-Ndesmethyl (Table 2) were calculated using noncompartmental methods. The area under the curve (AUC 0-24 h ) and C max values increased with dose. T max for the 5 mg/kg dose was at 0.5 h with an immediate decline in plasma AZD6244 concentration. However, for the 10 mg/kg dose, the plasma AZD6244 concentration showed a plateau from 0.5 to 2 h, suggesting protracted absorption potentially due to limited dissolution. Elimination half-life (t 1/2c ), clearance (Cl/F) and volume of distribution (V z /F) remained the same for both doses indicating that dose level does not affect elimination of AZD6244 (Table 1) . Interestingly, if halved, the AUC 0-24 h for both doses was in close proximity to the reported AUC 0-12 h in humans given either 100 and 200 mg AZD6244 free-base suspension BID [3,124 and 5,234 ng/(mL h)] [1] . In the interest of achieving a clinically relevant exposure level of AZD6244, we elected the 10 mg/kg dose for further study. We further went onto characterize the tissue distribution of AZD6244 given as a single oral dose of 5 or 10 mg/kg. Results are shown in Fig. 2 and the pharmacokinetics of tissue distribution is summarized in Table 3 . AZD6244 rapidly distributes to all tissues tested with tissue T max ranging from 0.5 to 2 h post dose. AUCs in the tissues change in proportion to dose, as seen with the plasma PK. The volume of distribution (V z /F) for the 5 and 10 mg/kg dose is 1.7 and 2.0 L/kg, respectively, indicating that AZD6244 does not distribute readily to the tissues, however, what drug reaches tissues is highly bound. In other words, the ratio of free drug in plasma to free drug in tissue (f B /f T = 1.8) implies that the drug in the tissues is highly bound. Furthermore, the AZD6244 AUC plasma to AUC tissue ratio ranged from 2.27 in rapidly perfused liver to 27.33 in slowly perfused muscle. This data suggests that AZD6244 distributes to the tissues in a manner consistent with perfusion, but that rapid clearance from the plasma prevents accumulation of drug in tissues.
Daily dose pharmacokinetics
Clinically, AZD6244 is dosed orally twice daily [1] , so, in order to mimic clinical daily dosing and reach steady state, we next characterized the plasma pharmacokinetics and tissue distribution of AZD6244 given daily for 7 days. Plasma and tissue samples were collected at 1, 4, 8, 12 and 24 h after the last dose. Figure 3 shows the multiple-dose, steady state plasma and tissue pharmacokinetic results. Plasma pharmacokinetic parameters for AZD6244 and AZD6244-N-desmethyl are shown in Tables 1 and 2 . Also shown is the tissue distribution of AZD6244 dosed daily for 7 days (Table 3 ). The plasma pharmacokinetic parameters of the daily dose are similar to the single dose of the drug ( Fig. 4; Table 1 ) indicating that there is no accumulation of drug in mice when given orally every 24 h, which is consistent with the relatively short half-life and elimination of virtually all of the previous dose prior to a subsequent dose. Notably, the AUC in mice after 1 week of Table 1 AZD6244 mouse and human plasma pharmacokinetics once daily dosing is still in line with the clinical AUC in humans after 15 days of twice-daily dosing [1] . Tissue distribution in the daily dose regimen was similar to single dose tissue distribution indicating that AZD6244 does not accumulate in any of the tissues when given on a daily basis. Tumor pharmacokinetics and pharmacodynamics
In order to elucidate the pharmacokinetic/pharmacodynamic (PK/PD) profile of AZD6244, we further measured tumor drug concentrations of AZD6244 in subcutaneous A375 human melanoma xenografts. Tumor pharmacokinetic profiles of AZD6244 in all three dose regimens are shown in Fig. 5 . Tumor AUCs and t 1/2 are shown in Table 3 and range from 3,601 to 4,776 ng/(g h) and 2.9-7.6 h, respectively. These exposure levels correspond to 0.79-1.04 lM and are well within the range seen to elicit an anti-proliferative response in the A375 cell line grown in culture (median effective dose of 42 nM). The molecular target of AZD6244 is MEK, which when bound by AZD6244 is incapable of phosphorylating ERK [21] . Therefore, as an indicator of AZD6244 target inhibition in the tumor, we measured ERK and phospho-ERK levels by western blot. Figure 5 shows the relationship between tumor AZD6244 drug levels and percent reduction of phosphorylated ERK as an indication of MEK1/2 inhibition. In the single dose regimen, at both 5 and 10 mg/kg, there is an immediate and statistically significant inhibition of phosphorylated ERK which peaks at 72% in the 5 mg/kg group and at 80% in the 10 mg/kg group. After a high level of inhibition that lasts between 8 and 12 h, there is a sharp decline to 20-30%, as the tumor concentration of AZD6244 decreases. Alternatively, in the mice receiving daily continuous doses of AZD6244, we observed phospho-ERK inhibition that is sustained at 28-58% through the 24-h dosing period, even as the tumor concentration of AZD6244 decreases to negligible levels. To our knowledge, this is the first characterization of the PK/PD profile of a continuous dose of AZD6244 in a mouse xenograft model and it clearly supports the efficacy of target inhibition of the 10 mg/kg daily dose. It has been shown that inhibition of ERK phosphorylation is not the best indicator of the anti-tumor efficacy of various MEK inhibitors including AZD6244 [18, 19] . In order to clarify the anti-tumor effects of AZD6244, we next attempted to elucidate the anti-proliferative outcome by analyzing incorporation of the nucleoside analog, 5-bromo-2 0 -deoxyuridine (BrdU), into the tumors. BrdU incorporation indicates DNA replication and thus labels cells in S-phase. Mice treated with 5 or 10 mg/kg AZD6244 as either a single dose or 10 mg/kg daily for 7 days were administered 200 mg/kg BrdU 1 h before killing. As shown in Fig. 6 , after either a single dose (Fig. 6a, b) or after continuous dosing (Fig. 6c) of AZD6244, there is a clear reduction in S-phase cells as compared to control. Notably, the continuous dose group exhibits a sustained inhibition of S-phase that ranges between 39 and 71% of control. This inhibition of S-phase is the greatest between 8 and 12 h for all dose groups, but begins to return to nearnormal levels by 24 h after the last dose. Interestingly, in the daily dose group, S-phase inhibition not only is sustained, but also is significantly different from control groups at 1 and 8 h post dose (one-way ANOVA, Tukey's PT). The differing pharmacodynamic profile for BrdU of the acute versus the daily dose regimens is due to chronic and sustained pharmacological inhibition of proliferation that overlaps the 24 h dosing interval despite the daily rise and fall of AZD6244 concentrations in the tumor.
Finally, to further characterize the in vivo pharmacological effects of AZD6244 in A375 human melanoma xenograft tumors, we analyzed tumor sections for apoptosis and necrosis. Although there was a slight increase in apoptotic cells as measured by TUNEL, this increase was not statistically significant (Supplemental Fig. 1A) . Furthermore, there was no difference in necrotic area between the vehicle and AZD6244 treated tumors (Supplemental Fig. 1B) . These results indicate that, in this tumor model, the pharmacological outcome of AZD6244 is limited to reduction in tumor cell proliferation rather than an increase in tumor cell death.
AZD6244 pharmacokinetic/pharmacodynamic relationship
Understanding the in vivo pharmacology of AZD6244 is critical to achieve optimal use in the clinic and designing rational combinations for further testing. Therefore, we Tumor samples were taken at the indicated time after the last dose. Tumors were lysed and equal amounts of total protein were resolved by SDS-PAGE. Membranes were probed with ERK and phospho-ERK antibodies. Ratios of the pixel intensity of pERK:ERK were analyzed for % inhibition = 100 9 [1 -(treated/control)] (mean, SD, n = 4). One-way ANOVA p values comparing each time point to control tumor as follows: *p \ 0.05; **p \ 0.01; ***p \ 0.001 next explored the pharmacokinetic/pharmacodynamic relationship of AZD6244 to target inhibition as measured by decreasing ERK phosphorylation and the subsequent signaling pathway inhibition leading to downstream decrease in proliferation. As shown in Fig. 7 , AZD6244 displays clear hysteresis in both pathway inhibitions (Fig. 7a) and inhibition of proliferation (Fig. 7c) . Classic hysteresis, observed here in both Fig. 7a , c, indicates a time lag between drug concentration and pharmacologic effects in the tumor (hysteresis reviewed in [4, 5, 14] ). We propose a schematic representation of this relationship in Fig. 7d . This schematic depicts a time lag between plasma concentrations of AZD6244 and inhibition of ERK in tumor due to diffusion of drug from plasma to tumor, i.e. the diffusion time lag. The time lag due to diffusion of AZD6244 into the tumor is reinforced by the resulting linear relationship between tumor AZD624 concentration and inhibition of ERK phosphorylation (Fig. 7b , r 2 = 0.7359). This diffusion time lag is subsequently followed by another time lag between tumor concentrations of AZD6244 and inhibition of proliferation due to the changes in the signaling molecules (i.e. MEK inhibition) and the transduction of these changes down the signaling cascade that result in pharmacologic response, i.e. the signaling time lag.
Discussion
In this study, we describe the plasma and tissue pharmacokinetics of AZD6244 and resulting PK/PD relationships relating to drug activity in a human melanoma xenograft model. We show that in order to achieve AZD6244 exposures in mice similar to those in clinical use, the appropriate dose is 10 mg/kg given by oral gavage, once daily. This dosing regimen achieves an AUC of 17,525 ng/(mL h) which is comparable to the human AUC of 10,012 ng/(mL h) [1] . Furthermore, we show that this dosing regimen results in sustained inhibition of the MAP kinase pathway leading to suppression of proliferation.
It is important to note that because the half-life of AZD6244 is short, there is nearly complete clearance from plasma and tissues at the end of the 24-h dosing period. This results in little to no accumulation of drug in the course of daily dosing. However, markers of drug action in the tumor show sustained inhibition of proliferation that lasts throughout the 24-h period, thus achieving a sustained pharmacodynamic effect even though drug levels decline. The pharmacokinetic-pharmacodynamic relationship of AZD6244 in human tumors has not been established, although it is clear that proliferation is suppressed [1] .
Various studies have shown that analyzing phospho-ERK inhibition as a measure of target modulation by MEK inhibitors such as AZD6244 is not the best measure of the anti-tumor efficacy of these agents [18, 19] . In our study, we see a strong, significant inhibition of phospho-ERK in all of the dosing regimens tested. Furthermore, when we explored the anti-proliferative effects via the more direct measure of BrdU incorporation into cells undergoing S-phase, there was a strong and sustained inhibition of proliferation in the steady state group. To our knowledge, this is the first comprehensive pharmacodynamic analysis of tumor-specific AZD6244 drug action and pharmacokinetics.
An interesting effect elucidated by this study is the different pharmacodynamic profiles of AZD6244 when given as either a single acute dose, or as a protracted continuous daily dose. In the acute dosing regimen, the nadir of proliferation appeared to be at around 8-12 h. However, the protracted regimen results in a dip in proliferation immediately after dosing. We believe that this may be due to a sequencing effect on the tumor cells. In the presence of AZD6244 given as an acute dose, cycling cells are blocked as they enter G1-phase, which may take few hours as all the cells in the tumor are in different stages of the cell cycle upon the first dose. However, under protracted exposure to AZD6244, the pharmacological inhibition of proliferation is maintained throughout the dosing interval, such that upon re-exposure to AZD6244 every 24 h, there is no interruption of drug effects. Finally, we show, for the first time, the hysteretic relationship between AZD6244 in plasma and target effect in tumor (diffusion time lag), and the hysteretic relationship between AZD6244 and pharmacologic effect (signaling time lag). Understanding this relationship may be important for achieving optimal use of AZD6244 in the clinic and designing rational combinations with other targeted agents, chemotherapy or radiation.
In summary, we have presented a comprehensive pharmacokinetic and pharmacodynamic profile for AZD6244. By understanding the non-linear and time-dependent relationship between the plasma pharmacokinetics and the tumor pharmacodynamics of AZD6244, we hope to design more accurate and relevant pre-clinical studies. Specifically, since AZD6244 appears to be an excellent agent for the sequencing of tumor cells in the cell cycle, and because although cytotoxic effects are observed in some pre-clinical models [6] , it is more commonly cytostatic, we expect the information presented here to assist in the design and implementation of combination studies with chemotherapy. Furthermore, it may be necessary when administering AZD6244 clinically to give a drug holiday in order to mitigate adverse events such as rash. This drug holiday would provide the opportunity for the careful sequencing of chemotherapeutics to achieve a more enhanced anti-tumor response. We believe that in this context, AZD6244 can be used as a powerful tool in the treatment of melanoma.
